ABSTRACT Clutter rejection is a key technique in digital radio Mondiale (DRM)-based HF passive bistatic radar, because the power of a target signal is many orders of magnitude weaker than the direct-path wave and multipath echoes. Many temporal approaches can be used to reject the multipath clutter. We proposed a novel approach which takes full advantage of characteristic of the transmitted waveform. DRM signal is based on the orthogonal frequency division multiplexing modulation technique. After the temporal signal model in subcarrier domain is analyzed, an approach using recursive least square adaptive filter is introduced to remove unwanted components on each effective subcarrier. It has low computational complexity. Simulation and experiment data verification are carried out, which proved the efficiency of the proposed approach.
I. INTRODUCTION
In the recent years the investigation of the possibilities of the PBR for surveillance purpose has received a new interest [1] - [5] . PBR exploits existing transmitters as illuminators of opportunity to perform target detection and localization. These radars do not radiate electromagnetic waves, so they have many advantages, including covert surveillance, difficulty of jamming and no frequency spectrum occupation. Furthermore, they often can operate with a low price. FM radio, DAB, DVB-T, GSM and other signal sources are transmitters which are being used in PBR systems. DRM broadcasting as a new generation of digital broadcasting has extensive coverage all over the world. DRM signal transmitters are good illuminators for PBR systems because of their superior signal transmission quality. Moreover, DRM signal employs OFDM technique and provides a white spectrum for the transmitted signal. The HFPBR uses DRM signal as its illuminator and takes advantage of OFDM technique [6] - [9] . However, the target echoes could be masked by direct-path wave and multipath echoes (collectively called multipath clutter), the multipath clutter is formed by reflection and refraction of transmitted signal through buildings, mountains and other things [10] , [11] . So the rejection of the multipath clutter becomes a crucial issue for target detection in PBR.
These multipath clutter signals usually have no significant Doppler shifts, but their powers are higher than target echoes and small target echoes can be masked by them. Therefore, rejection is essential before matching filter processing. In some references, it is common to utilize the adaptive filtering approaches, for example, Least Mean Square (LMS) and RLS filter, to suppress the clutter in PBR systems [12] - [14] . These methods have the problems of convergence speed, filter order and heavy computational burden. Another temporal method to remove the clutter is the Extensive Cancellation Algorithm (ECA) [15] . In this scheme, the clutter signal is removed by projecting the subspace of the received signal into a subspace that is orthogonal to the clutter subspace. The method has strong ability to multipath clutter rejection, but also has the problem of heavy computational burden. Combined the DRM signal's OFDM structure and ECA algorithm, the authors have previously proposed ECA by subCarrier (ECA-C) algorithm to reject multipath clutter [16] . The algorithm can reduce computational complexity compared with ECA algorithm. In this paper, combined the DRM signal's OFDM structure and RLS algorithm, a Recursive Least Square by subCarrier (RLS-C) is presented to reject multipath clutter in DRM-based HFPBR. In RLS-C, the received temporal signal is separated into a set of subcarriers by taking advantage of DRM signal's OFDM structure. Because the contributions of direct-path wave and multipath echoes on same subcarrier are completely correlated, however, the contributions of multipath clutter and target echoes are little correlated, the RLS adaptive filtering is performed on each effective subcarrier to filter multipath clutter respectively and the order of adaptive filter is 1. The proposed approach has lower computational burden and is easy to perform. The innovations of this work are that (1) a new subcarrier version approach is proposed to reject multipath clutter effectively and easily, which utilizes the OFDM nature of the transmitted waveform and the iteration ideology of the adaptive filters; (2) the clutter model in subcarrier domain for OFDM-based radar is described in detail, basing on the channel transmission nature of the surveillance channel signal. This paper is organized as follows. The signal model is introduced in Section II. The brief introduction to RLS in Section III and the new proposed iterative approach RLS-C is described in Section IV. In Section V and VI, an analysis of rejection performance through simulation and experiment data is presented. Finally, conclusions are given in Section VII.
II. SIGNAL MODEL ON DESCRIPTION
In order to perform transmitter-receiver synchronization and channel estimation, the DRM signal is generated based on a standard [17] . It is organized in transmission super frames, each transmission super frame consists of several transmission frames and each transmission frame includes some OFDM symbols. A whole OFDM symbol includes the useful part and Cyclic Prefix (CP). The useful part is formed by performing IDFT (Inverse Discrete Fourier transform) on the transmitted data stream and then a CP is inserted between two adjacent OFDM symbols to avoid possible inter-symbol interference. The DRM standard has defined A∼E different propagation modes with different OFDM parameters which adapted to different transmission channels respectively [7] . Taking the mode B for example, each symbol contains N u = 256 subcarriers corresponding to the useful part, but only N s = 207 subcarriers are effective ones. The corresponding parameters of the DRM signal in mode B are listed in Table 1 . The relationship between T s , T g and T u is T s = T u + T g . The subcarrier spacing is the reciprocal of useful symbol duration and can be expressed as: f = 1/T u . The real bandwidth of DRM systems can be expressed as: F = f × N s . The DRM broadcasting systems generally work in mode B, so it is meaningful for us to choose mode B.
The DRM-based HFPBR employs two receiving channels: the reference channel and the surveillance channel. The reference channel receives direct-path wave signal. We can get the optimal direct-path wave by preconditioning the transmitted signal [18] . Generally, the surveillance channel signal consists of direct-path wave, multipath echoes, target echoes and noise. The surveillance channel signal can be expressed as:
where d(t) is the complex envelope of the direct signal; A d represents the complex amplitudes of the direct signal; P and Q are the numbers of the discrete stationary ground scatters and targets; A p and τ p represent the complex amplitude and the delay(with respect to the direct signal) of the pth stationary ground scatter; A q , τ q and f q d represent the complex amplitude, the delay and the Doppler frequency of qth target; and n(t) is the noise at the surveillance channel.
III. RLS ALGORITHM
As can be seen from the model in Section II, the multipath clutter echoes in the surveillance channel are the delay of the reference signal. We can use the temporal adaptive filtering approach to reject the multipath clutter based on above characteristic. The RLS approach is commonly used, which is a recursive version of the least square approach. Based on the minimization of the least-square error, the approach aims at minimizing the following cost function [12] :
where λ is the filter forgetting factor; e(i) is output of transversal filter at time instant i; W (n) is weight vector of the transversal filter at time instant n and the order of the transversal filter is M ; s ref (i) is a vector of reference signal at time instant i; and s surv (i) is the surveillance signal at time instant i. The principle of RLS is utilizing the correlation between multipath clutter signal in surveillance channel and directpath wave signal in reference channel. The target echoes signal will be reserved in surveillance channel. Accordingly, if the Doppler frequency shift of target echo is very small, the target echo can be considered to be fully or partly correlated with the direct-path wave signal in reference channel. Then there exist a power loss during the adaptive filtering.
Assuming f s is the sampling rate and s surv (n), s ref (n) can be got after performing sample in surveillance channel and reference channel. The update process of the filter weight vector of RLS is described as follows:
Step 1 initialization: order W (0) = 0, P(0) = δ −1 I, where δ is a very small value and I is identity matrix;
Step 2 update:
where
T is the M dimensional vector; P(n) is the inverse covariance matrix; and k(n) is gain factor matrix; e(n) is desired signal which involves target echoes.
The computation complexity in each update of the RLS is listed in Table 2 . The number of iterations over the RLS is N and the order of transversal filter is M , thus the overall computational complexity of the RLS approach is (4M 2 + 4M )N . It is easy to find that the computational complexity of RLS adaptive filtering approach increases with increase of the iteration number and the transversal filter order. 
IV. RLS-C ALGORITHM
In this section, we introduce a new signal processing approach to reject the multipath clutter. We have got the temporal signal model of surveillance channel in previous section. After downing convert the temporal surveillance signal to baseband and performing DFT (Discrete Fourier transform) on each symbol of the baseband temporal surveillance samples which cut the CPs, we can get the surveillance signal model in subcarrier domain and express it as:
where Y l is the different subcarrier samples of symbol l and Y k is the different symbol samples of subcarrier k in subcarrier domain; N u is the number of subcarriers; and L is the number of symbols. Basing on the surveillance channel signal model shown in (1), the contributions of Y l are analyzed as follows:
First is the contribution of the direct-path wave. Let A d δ(t) denote the transfer function of the propagation channel for direct-path wave and d l (t) denote the temporal samples for reference signal in symbol l. Based on the principle of OFDM technique, d l (t) can be expressed as:
where C l,k is the complex cell value for subcarrier k in symbol l and T u = N u T 0 .
The contribution of the direct-path wave for Y l can be expressed as:
And, the contribution of the direct-path wave for
Second are the contributions of the multipath echoes. Take the pth stationary ground scatter for example and let A p δ(t −τ p ) denote the transfer function of the propagation channel for pth stationary ground scatter. The contribution of the pth stationary ground scatter for Y l can be expressed as:
And, the contribution of pth stationary ground scatter for
Third are the contributions of the target echoes. Take the qth target echo for example and the delay and Doppler shift are τ q and f q d respectively. The contributions of the qth target for Y l can be expressed as:
Because the phase rotation by the Doppler shift within one symbol is really small, so we can approximately get:
The contributions of the qth target for Y l can be approximately expressed as:
And, the contribution of qth target echo for
In conclusion, we can combine the contributions of directpath wave, multipath echoes, target echoes and noise for Y l,k and express it as:
where N l,k is the contribution of the noise for subcarrier k in symbol l.
From (18), we can see that Y k consists of three components: the contribution of multipath clutter, the contributions of target echoes and noise. The contributions of the target echoes and multipath clutter on same subcarrier are little correlated. Therefore, based on the above characteristics, we utilize RLS adaptive filtering approach to deal with OFDM data in subcarrier domain rather than the time domain, the order of the RLS adaptive filter can be 1 instead of M . The specific steps are described as follows:
Step 1 initialization: order W k (0) = 0, P k (0) = δ −1 I, where δ is a very small value and I is constant.
where k k (n) is gain factor, e k (n) is the output for subcarrier k in symbol n.
The adaptive filtering process of RLS-C approach can be described in pseudocode form.
The new temporal samples of surveillance signal can be got after performing IDFT on the above processed parts of all symbols. We further get the RD (Range-Doppler) map by 2-D matching filter processing between the new temporal samples of surveillance signal and the temporal samples of reference signal. The processing steps of RLS-C approach are illustrated in Fig.1 .
In the RLS-C approach, the update of weight vector has to be repeated on each effective subcarrier. Then, the number of iterations will be N s L instead of N in RLS and the order of transversal filter will be 1 instead of M in RLS. Each update on each effective subcarrier corresponds to 8 complex products, so the computational complexity on each effective subcarrier is 8L and the number of effective subcarriers is N s . Moreover, the N u -point DFT and IDFT are repeated on L symbols for both surveillance and reference signal and the number of repetitions is L. They correspond to 2N u LlogN u complex products if using fast Fourier transform butterfly algorithm. The computation complexity about RLS-C is listed in Table 3 . The overall computational complexity of the RLS-C approach is 8N s L + 2N u LlogN u . The overall computational complexity of the RLS is (4M 2 + 4M )N in previous section. We can find that the RLS-C approach can reduce the computational burden compared with RLS approach. The specific advantage of computational complexity about RLS-C will be described in simulation results.
V. RESULTS ON SIMULATION DATA
To verify the theoretical analyses about the robustness, we conducted several simulations and got some results. The simulation DRM signal worked on mode B with bandwidth 12 KHz. Without loss of generality, the reference signal is supposed as the transmitted signal with no multipath clutter or noise. One target at the surveillance channel can be obtained by making the transmitted signal to delay 8 sample time and Doppler shift 6 Hz. The signal-to-noise ratio of target is -5 dB. Similarly, the multipath clutter can be obtained by respectively delaying the transmitted signal between 0 to 12 sample time and their clutter-to-noise ratios with the range 60 dB ∼ 0 dB. The power of the target echo signal is weaker than any multipath clutter. The surveillance channel signal consists of multipath clutter, target echo and Gaussian white noise. The coherent processing interval is about 13.6 s. L = 512, N u = 256, N s = 207 and N = 163840. The parameter λ can influence the filtering efficiency. When λ is small, k k (n) is big and as a result that the convergence speed of RLS-C is fast, but the filtering efficiency is bad. On the contrary, when λ is big, k k (n) is small and the convergence speed is slow, but the filtering efficiency is good. In summary, the balance between convergence speed and filtering efficiency is a key point in the algorithm implementation. The values of parameters in RLS and RLS-C are selected as follow, which represents the best compromise between convergence rate and cancellation performance. The M is 13 and the λ is 0.99 in RLS approach. The M is 1 and the λ is 0.99 in RLS-C approach. The computational complexity of RLS and RLS-C are listed in Table 4 . Fig.2 is the RD map formed with simulation data without multipath clutter rejection. The strong clutter peak appeared at zero Doppler and the target is completely masked by the direct-path wave and multipath echoes. We can not detect the target. Fig.3 shows RD map formed with data after multipath clutter rejection by RLS. Fig.4 shows RD map formed with data after multipath clutter rejection by RLS-C. Zero-Doppler multipath clutter is effectively rejected by RLS and RLS-C, and we can observe clearly the target with Doppler shift 6 Hz at range bin 8. Fig.5 shows normalized target range bin cuts after multipath clutter rejection by RLS and RLS-C. The RLS-C approach has better effectiveness compared with RLS, the signal-to-noise ratio of the target echo improves about 5 dB and RLS-C approach also has lower computational complexity. Fig.6 presents the normalized zero-Doppler cuts of the RD maps without and after multipath clutter rejection by RLS-C. It shows that zero-Doppler multipath clutter is removed effectively.
VI. RESULTS ON EXPERIMENT DATA
We present here the experiment data results obtained from an experimental DRM-based HFPBR system which worked on the mode B. The baseband signals of the reference and the surveillance channels were received by a 16-channel uniform linear array. The reference and surveillance antennas are co-located. By making the antenna array beam steer toward the transmitter, we get the reference channel signal, and by making the antenna array beam steer toward the expecting targets direction, we obtain the surveillance channel signal. The baseline length between the receiving antennas and the transmitter is about a few tens of kilometers. Fig.7 is the RD map formed with experiment data without multipath clutter rejection. The aircraft target is completely masked by multipath clutter and we can not detect the aircraft target. After multipath clutter rejection by using RLS-C approach in the surveillance channel samples, the RD map is shown in Fig.8 . The most multipath clutter is suppressed and we can see an aircraft target at range bin 4. Furthermore, Fig.9 shows the normalized aircraft range bin cuts without and after multipath clutter rejection. Blue solid line represents result without clutter rejection and red solid line represents result after clutter rejection. Compared blue solid line with red solid line, it is easy to obtain that the signal-VOLUME 5, 2017 FIGURE 9. Normalized aircraft range bin cuts without and after multipath clutter rejection.
to-noise ratio of the aircraft target echo improves about 16 dB, from which we have high probability to detect target.
VII. CONCLUSION
For DRM-based HFPBR, the signal model in subcarrier domain is analyzed and a new approach RLS-C has been proposed for clutter rejection. Compared with RLS approach, RLS-C approach can effectively remove the zero-Doppler multipath clutter with low computational complexity and less required memory space. Because it utilizes the correlation between direct-path wave and multipath echoes on the same subcarrier to decrease the filter order. The simulation results and experiment results show the effectiveness of the proposed approach. Finally, a RLS-C extension to nonstationary clutter rejection in OFDM-based PBR is still possible.
